A B S T R A C T A comparison has been made of the metabolic shifts in human and guinea pig leukocytes when they phagocytize. Respiration of guinea pig polymorphonuclear leukocytes (PMN) and the increment during phagocytosis were each about 2k-fold that of human PMN. This was also true of the direct oxidation of glucose-6-P (hexose monophosphate shunt). Enzymes potentially responsible for these phenomena have been compared in each species. Cyanide-insensitive NADH oxidase and NADPH oxidase were measured and only the former exhibited adequate activity to account for the respiratory stimulus durintg phagocytosis. The hydrogen peroxide formed by this enzyme stimulates the hexose monophosphate shunt by oxidizing glutathione which upon reduction by an NADPH-linked glutathione reductase provides NADP to drive the hexose monophosphate shunt. Other linkages between respiratory stimulation and that of the hexose monophosphate shunt also pertain in the guinea pig.
INTRODUCTION
Metabolic changes concomitant with phagocytosis in leukocytes have been the subject of detailed investigation for the past decade (1) (2) (3) (4) (5) (6) . The initial observation was made by Baldridge and Gerard (7) that canine leukocytes display a burst of "extra respiration" during phagocytosis. This respiratory increment was thought to be intrinsic to the phagocytic act, i.e., the ingestion process per se, until it was shown by Sbarra and Karnovsky (1) that guinea pig leukocytes ingested polystyrene spherules to the same extent in a pure nitrogen atmosphere as they did in an aerobic milieu. The latter authors concluded from the above and from evidence obDr. Baehner is an Established Investigator of the American Heart Association.
Received for publication 5 September 1969 and in revised form 19 November 1969. tained with metabolic inhibitors that the process is driven by metabolic energy derived from glycolysis. The respiratory increase and marked stimulation of direct oxidation of glucose-6-phosphate (hexose monophosphate shunt, HMP) are concomitants of the process, whatever their function.
The enzymatic basis of the respiratory burst during phagocytosis has been the subject of some controversy. Some workers believe that it is due to the oxidation of NADH by a flavoprotein oxidase (8) . Others are of the opinion that an oxidase for NADPH is cardinal (9) .
In the intact cell, the respiratory burst is accompanied by Ha02 production (3); both enzyme systems suggested above do produce this substance when their substrates are oxidized (8) (9) (10) .
Recently interest in the metabolism of the human peripheral blood leukocyte has been kindled afresh by studies on leukocytes from children with chronic granulomatous disease (CGD) (11, 12) . In that condition, ingestion of bacteria (or other particles) by leukocytes has been reported to be normal, but the respiratory increment and the stimulation of direct oxidation of glucose-6-phosphate is depressed.
The purposes of our paper are as follows: (a) To compare human and guinea pig polymorphonuclear leukocytes (PMN) with respect to their respiratory responses, and increases in HMP activity during phagocytosis. In assessing the metabolic aspects of the human PMN, the behavior of guinea pig PMN has previously been accepted as a yardstick and comparative data obtained under similar conditions would be helpful; (b) To investigate the quantitative aspects of the two enzymatic activities mentioned above (i.e. NADH oxidase and NADPH oxidase). Such information should permit one to admit the possibility of involvement of an enzyme in the respiratory burst during phagocytosis or suggest its inadmissibility, on the basis of quantitative adequacy; (c) To establish, particularly for human PMN, a linkage between the respiratory increment of phagocytosis and the stimulation of the HMP. Since the HMP is regulated by the availability of NADP, adequate oxidation of NADPH per se would provide a direct link to the increased oxidation of glucose-6-phosphate. If such oxidation of NADPH were inadequate, and that of NADH adequate, it becomes necessary to establish the connection between NADH oxidation and the provision of NADP for the increased HMP activity.
METHODS

Preparation of leukocyte suspensions
Human peripheral blood was collected in heparinized' plastic syringes from patients with granulocytosis due to infection. The syringes were inverted and the red cells sedimented at 37'C for 30-60 min. The supernatant plasma containing the PMN was decanted into 40-ml siliconized glass centrifuge tubes. For studies of leukocyte homogenates, the red cells were lysed using three volumes of 0.87% NH4Cl to one volume of white cell suspension in plasma. This procedure, if rapidly performed (5 min), did not alter the activity of the leukocytic enzymes assayed in this study. The plasma was centrifuged at 250 g for 5 min and leukocyte button was washed twice with Krebs-Ringer phosphate solution (KRP), pH 7.4. The yield was between 0.5 ml and 1.0 ml of packed leukocytes per 50 ml of whole blood, and red cell contamination was 1: 1 if they were not removed with NH4Cl. The percentage of mature granulocytes varied between 80 and 90% of the leukocytes. Donors with a shift to the left to the metamyelocyte stage were not used for this study.
Guinea pig peritoneal leukocytes were prepared by the method of Stiihelin, Karnovsky, Farnham, and Suter (13) using a 12%o suspension of sterile sodium caseinate. 15 used.' The contents of the wells were transferred to vials containing 15 ml phosphor solution and the radioactivity of suitable standards and samples was determined in an Ansitron liquid scintillation counter. The specific activity of the substrates was determined so that radioactivity measurements could be converted to nmoles mg-1 protein hr-1.
Preparation of leukocyte homogenates and subcellular fractions
Suspensions of intact leukocytes were centrifuged 10 min at 250 9 at 4'C, and the pellet of cells was then resuspended and washed once either with cold 0.34 M sucrose buffered with NaHCO3 to pH 7.4 or with cold 0.154 M KCl containing 3.2 X 10' M KHCO8 (alkaline isotonic KC1). The washed cells were again centrifuged 10 min at 250 g at 4'C. The cell button was then suspended at 15% concentration (v/v) with the appropriate homogenizing medium and a 5 min homogenization was performed utilizing a Teflon pestle' in a 50 ml glass tube packed in ice. This procedure disrupted 95-98% of the cells (microscopic examination). The homogenate was then centrifuged 10 min at 250 9 at 4°C and the supernatant (Si) was isolated. The button was resuspended in the appropriate homogenizing medium and a second homogenization procedure was performed in identical fashion. The supernatant fluid obtained (S2) was combined with Si and again centrifuged for 10 min at 250 9 at 4°C. The buttons contained nuclei and disrupted membranes and a few unbroken cells; this fraction was designated the "debris fraction." The supernatant fluid was centrifuged at 40,000 g' for 15 min at 4°C. The clear supernatant fluid obtained after this centrifugation was designated "supernatant fraction" and the button, which contained large and small granules, was resuspended in sucrose or KCl (concentrations as above) and was designated the "granule fraction." The protein content of these fractions and the whole homogenate was determined by the method of Lowry, Rosebrough, Farr, and Randall (14) . Lactate dehydrogenase was assayed by recording the rate of decrease in absorbance of either NADH or NADPH at 340 myA as described by Evans and Karnovsky (15) . The reaction mixture had a final volume of 3.0 ml and a final concentration of potassium phosphate buffer 0.03 mole/liter, pH 5.6 or 7.4; NADH or NADPH were 3.0 X 10' mole/ liter; pyruvate was 3 X 10' mole/liter; and supernatant fraction had 0.10 mg protein per assay.
Glutathione reductase was measured by the method of Racker (16) , recording the rate of NADPH disappearance at 340 m/A after the addition of oxidized glutathione and suitable enzyme fractions to the reaction mixture. The reaction mixture contained a final volume of 1.0 ml in 1 cm light path quartz cuvettes with a 1.5 ml capacity, and a final concentration of 0.2 M potassium phosphate buffer, pH 7.6, 0.01% bovine serum albumin, NADPH 1.0 X 10' mole/liter, oxidized glutathione 6.5 X 10' mole/liter, and supernatant enzyme fractions containing between 0.10 mg and 0.50 mg protein.
NADPH dehydroascorbate reductase was assayed by recording the rate of disappearance of NADPH at 340 m~i at 370C. Dehydroascorbate was prepared by the method of Damron, Monier, and Roe (17) , by the addition of one drop of concentrated bromine to 6.0 X 10' M ascorbic acid and subsequent aeration for 30 min. This sample was then buffered with Na2CO8 to pH 7.0. The reaction mixture contained a final volume of 1.0 ml and a final concentration of 0.25 M sodium phosphate buffer, pH 7.0, NADPH 1.8 X 10' mole/liter, dehydroascorbate 2.0 X 10' mole/liter, and leukocyte homogenate fractions containing 1.0 mg protein.
Measurement of potential hydrogen donors in the human leukocytes
Reduced glutathione was determined using a micro-adaptation of the method of Beutler, Duron, and Kelly (18) based upon the development of relatively stable yellow color when 5,5'-dithiobis (2-nitrobenzoic acid) is added to sulfhydryl compounds.
Ascorbic acid was determined using the method of Lowry, Lopez, and Bessey (19) who adapted the method of Roe and Kuether (20) , which is based upon the colorimetric determination of a solution of copper sulfate-thiourea-dinitrophenylhydrazine.
RESULTS
Comparison of respiratory responses and oxidation of glucose-6-P. The respiratory response of human peripheral blood leukocytes during phagocytosis was compared to that of guinea pig peritoneal leukocytes (Table I) .
Human leukocytes have a lower oxygen consumption at rest and during phagocytosis but the ratio of activities is similar to that in guinea pig cells. It should be emphasized that the results pertain to both species either on the basis of cell number, or on the basis of cell protein, since 1.0 X 1OT leukocytes from human peripheral blood or guinea pig peritoneal cavity yield approximately 1.5 mg protein.
Glucose-6-phosphate oxidation via the hexose monophosphate shunt was assessed by measurement of '4CO2 evolution from glucose-1-"4C. The results, expressed as nanomoles glucose oxidized mg' protein hr-1 were also compared for human and guinea pig leukocytes, at rest and after phagocytosis (Table I) . The resting values are quite similar but the increment during phagocytosis was much greater for guinea pig leukocytes. In order to evaluate more accurately the amount of glucose that cycles through the shunt, 14CO-evolution was measured using glucose -1-2C and glucose-2-2C in human leuko- (Table I) . It should be emphasized that the oxidation of formate amounts to only a small fraction (3%) of the oxygen consumption.
NADPH oxidase in human and guinea pig leukocytes. NADPH oxidase insensitive to 1 mm KCN was verified in the granule fraction of guinea pig leukocyte homogenates as well as human leukocyte homogenates (Table   II) . Since the granule protein represents 25% of the total cell protein (both in guinea pig [21] and human cells) the rate of NADPH oxidation catalyzed by NADPH oxidase would be about 23 nmoles mg'" protein hr"1 for the intact guinea pig leukocyte and 5 nmoles mg-' protein hr"" for the intact human leukocyte. This is inadequate activity to cover the reoxidation of NADPH produced during phagocytosis (see Table I ), i.e., 115 nmoles mg-1 protein hr"" for guinea pig and 48 nmoles mg"" protein hr"" for human leukocytes. The possibility was considered, from Rossi and Zatti's results (22) that an absolute increase in the granule NADPH oxidase activity during exposure of the leukocyte to surface active agents and during phagocytosis of bacteria and particles, might provide sufficient activity to account for the necessary NADPH oxidation. As noted in Table III the specific activity of NADPH oxidase did increase in the granule fraction after guinea pig cells were exposed to saponin in accordance with observations of the above mentioned workers (22) , but this increase in specific activity stemmed from the marked shift of cellular protein into the incubation media (Table IV) . The total enzyme activity did not change significantly after treatment of the cells with saponin. Furthermore, no significant change in either the specific activity or total activity of NADPH oxidase could be detected in leukocyte homogenates obtained from cells after 10 min exposure to latex particles (Table III) . There is no significant loss of protein from the cells during this phagocytic activity, NADH oxidase activity in guinea pig and human leukocytes. Supernatant fractions from alkaline KCl homogenates of guinea pig and human leukocytes prepared from cells at rest and during phagocytosis were assayed for cyanide-insensitive NADH oxidase activity. As noted in Table V , the total activity of this enzyme was six times greater in the resting guinea pig leukocyte fractions than in human leukocyte fractions. The total activity was also consistently increased after phagocytosis Comparative Studies of Metabolism in Leukocytes in both species. The total enzyme activity was clearly present in adequate quantities to mediate the respiratory response in phagocytizing guinea pig cells, but apparently less definitely so in human cells. However, if the optimal pH is taken into account (Table V) the enzyme in both species would be sufficient to cover the respiratory needs.
If alkaline KCl solution was used as the homogenization medium, NADH oxidase was completely solubilized (Fig. 1) . However, if 0.34 M sucrose was used for homogenization, half of the NADH oxidase was shifted to the granule fraction. It could be washed off such granules with isotonic alkaline KCl. This was true for guinea pig cells but was less evident for human cells.
Cagan and Karnovsky (8) reported that NADH oxidase of guinea pig leukocytes has a Km of 1.0 X 103 mole/liter for NADH and a pH optimum of 4.5. NADH oxidase' from human leukocytes has a Km of 4 X 10-4 mole/liter and a pH optimum similar to that of the guinea pig enzyme. Under the conditions of these measurements at pH 6, the guinea pig enzyme was found in this work to have a Km of 2 X 10' mole/liter.
Linkage of respiration to the hexose monophosphate direct oxidative pathway. Since it appears from the above, and from other data (23) , that NADH oxidase is the enzyme responsible for the increased respiration during phagocytosis, the mode of regeneration of NADP on which the shunt depends, has been considered.
Evans and Karnovsky (15) In red cells NADPH-linked glutathione reductase, coupled to glutathione peroxidase (25) , has been considered as an important means of oxidizing NADPH and dealing with H202. This latter is formed by NADH oxidase (8) (Tables I and V) . This system has been studied extensively the guinea pig PMN.'0 Although the glutathione reductase was present in those cells in very large amounts (many times the activity needed to satisfy the requirements of the HMP) the peroxidase did not appear to be present. Addition of GSSG to supernatant fractions of guinea pig PMN raised the conversion of glucose carbon-1 to C02 threefold. Further, the oxidation of reduced glutathione was quite rapid in the presence of Hs20, and the addition of peroxide or a peroxide-generating system in the presence of GSH to a homogenate supernatant fraction greatly stimulated conversion of glucose carbon-1 to C02 (27) .'1 The system was explored in the human PMN.
A potent glutathione reductase was identified in the supernatant fractions of human leukocytes from four normal subjects, which could adequately account for the 10Noseworthy, J., and M. L. Karnovsky. In preparation. The enzymatic and nonenzymatic rates of GSH oxidation were measured with and without the addition of H302 in Krebs-Ringer phosphate buffer at 370C using substrate concentrations in the range of quantitative determinations of GSH and H202 present per milligram cell protein. The estimation of intracellular hydrogen peroxide concentration was derived from the value for the increment of formate-14C oxidation obtained from Table I (2.2 nmoles H202 mg-1 protein hr') and from the value that 1 ml of packed leukocytes contains approximately 50 mg protein, i.e., 110 nmoles hydrogen peroxide ml1 packed leukocytes or 110 AM H202. An amount of peroxide was chosen that was double this minimum value, which represents (see above) 3% of the H202 that might have been derived from the oxygen uptake during phagocytosis. The rate of nonenzymatic oxidation of GSH over a 15 min period was 10 times faster in the presence of 220 AM H202 at pH 5.6 (200 nmoles hr') and was 16 times faster at the same H20s concentration at pH 7.4 (320 nmoles hr') than in the absence of H202 (20 nmoles hr'). The addition of 0.05 mg of leukocyte homogenate protein (granule and supernatant fractions) in the presence of 1 mm KCN to block catalase did not accelerate the oxidation of GSH, with 100 AM H202. Therefore, although a glutathione peroxidase could not be identified, a rapid oxidation of GSH occurred, at H202 concentrations lower than those that might be present in phagocytizing human leukocytes, which was sufficient to cover the requirements of the HMP.
DIS CUS SION
Guinea pig leukocytes have an oxygen consumption (QO2) that is 2.5 times greater than that of human leukocytes either at rest or during phagocytosis. The mean oxygen uptake of guinea pig leukocytes during phagocytosis is approximataely 100 nmoles mg' protein hr1 greater than that of human leukocytes. This implies that the enzyme activity(s) responsible for the cyanideinsensitive respiratory burst that occurs during ingestion must be greater in the guinea pig than the human leukocyte. The differences we noted between the two cell types mentioned could be due to variation between species or to the origin of the cells, i.e., peritoneal cavity of guinea pigs and peripheral venous blood of humans. However, it is clear from this and other studies (2, 26, 27 ) that cells of different species and obtained by different means from the animal do exhibit grossly similar metabolic patterns.
There have been reports implicating cyanide insensitive oxidases for both reduced di-and reduced triphosphopyridine nucleotides as being responsible for the cyanide-insensitive respiratory burst of phagocytosis (4, 9, 10, 22) . The cyanide-insensitive NADPH oxidase activity is only 10-20% of that needed to account for the respiratory burst (See Table II) and is, therefore, of questionable importance. However, Zatti and Rossi (9) observed a fivefold increase in NADPH oxidase activity in the granule fraction of guinea pig leukocytes after the cells were treated with saponin or after phago- Table III ). Further, when inert particles (latex spherules) were used instead of bacteria in phagocytosis experiments similar to those of Zatti and Rossi, no increase in granule NADPH oxidase specific activity was noted, even though ingestion of these spherules produces a normal respiratory burst. It is possible that in the experiments of Zatti and Rossi with the phagocytizing cells, some effects not related to phagocytosis per se were introduced, i.e., effects due to still operative enzymes of the dead bacteria they used or nonspecific effects such as those due to surfactants, endotoxins, or other components of the organisms (28) (29) (30) . These could have produced a situation similar to that described above for saponin. It thus appears to us that the respiratory response of phagocytizing PMN cannot be ascribed to the action of an NADPH oxidase because there is insufficient enzymatic activity present at rest or during phagocytosis.
As reported above, there is sufficient NADH oxidase to match the respiratory burst during phagocytosis especially if the pH within phagocytizing cells is considered. Further, the amount of this enzyme present in guinea pig cells is far greater than in human PMN in line with the oxygen uptake of the intact cells.
The precise location of NADH oxidase within living leukocytes has, however, not been established. Prior studies of this enzyme (8) of the guinea pig. For example, one might think that the enzyme might be granule-associated in the resting cell. Perhaps the fusion of the granules with the phagocytic vacuole releases it to the immediately adjacent cytoplasm. The substrate (NADH) would also be expected to be in the cytoplasm. There would then be a zone of high activity (NADH oxidase) in the immediate region of the phagocytic vacuole producing H202. This H202 would be immediately adjacent to the phagocytic vacuole, and could diffuse into the latter where it could interact with myeloperoxidase (released from granules into the vacuole) and perhaps a halide to produce the bactericidal activity defined by Klebanoff (31, 32) and by McRipley and Sbarra (33) . Further study is certainly needed at the ultrastructural level to unravel these events.
In addition to the question of whether sufficient enzyme is available to meet the cellular requirements, and that concerning location, we must consider the linkage of the respiratory burst to the increase in the HMP. The HMP has been shown to produce about two-thirds of the reduced pyridine nucleotide equivalent to the increase in oxygen consumption during phagocytosis (Table I ). This estimate is based upon the conversion of glucose-1-'4C and glucose-2-14C to 14CO2 and calculated as two moles of NADPH produced for each mole of glucose cycled through the HMP. This value was calculated from the specific activity of the exogenous glucose. The specific activity of intracellular glucose-6-P might well be lower, due for instance to the contribution to that pool from glycogen. If this were so, an even better stoichiometric match of the increase in HMP to the increase in oxygen uptake would pertain. We believe, therefore, that the value of "two-thirds" mentioned above is conservative.
In explaining the linkage between NADH oxidation and the HMP, whose activity depends upon NADP (34), several possibilities exist. Evans and Karnovsky found a lactate dehydrogenase (LDH) in the guinea pig leukocyte that utilized NADPH at acid pH (15) ; that enzyme could link respiration to the HMP by substituting NADPH (which would be converted to NADP) for the NADH normally involved in lactate production but which is here oxidized directly by oxygen. In human leukocytes NADPH-linked lactate dehydrogenase does not appear to be present, and additional explanations for the linkage must be found in those cells. Evans (15) showed that classical transhydrogenase is minimal in guinea pig cells and in both species mitochondria are sparse. A third possible link pathway could be via the oxidation and reduction of glutathione.
An important mechanism for the oxidation of reduced glutathione involves hydrogen peroxide. The latter is produced during phagocytosis. Iyer, Islam, and Quastel (3) were the first to note that this occurred when they observed that formate-14C was converted to 14CO2 by ingesting PMN. These authors correctly inferred that the reaction involved H202 and catalase. However, no data have been available to indicate what proportion of the H202 that results from respiratory activity might be involved in this catalatic oxidation of formate. If the entire respiratory burst is via NADH oxidase, H202 production would be equal on a molar basis to the oxygen consumed (8) . As noted in Table I , the oxidation of formate by H202 would represent only 3% of the H202 formed.
Mills has isolated and purified a glutathione peroxidase in the human red cell (25) . This enzyme could be a link in the chain of events here, but to date it has not been found in the guinea pig or human leukocyte though it has been reported to be present in rather low activity in the leukocyte of the rat (27) . Even if this enzyme is absent, the rate of nonenzymatic oxidation of reduced glutathione by H202 should be considered. In the presence of such minimal concentrations of peroxide as are represented by the increased conversion of formate to CO (Table I) , glutathione is oxidized sufficiently rapidly to account for the stimulation of the HMP. The involvement of glutathione in the latter phenomena involves the NADPH-linked reduction of oxidized glutathione in the presence of glutathione reductase. Noseworthy and Karnovsky10 and Reed (27) have identified glutathione reductase in the guinea pig and rat leukocyte, respectively. The data in this report substantiate the presence of this enzyme in human leukocytes in more than adequate amounts to provide NADP from NADPH during phagocytosis. Further, Noseworthy and Karnovsky10 have stimulated the HMP by addition of oxidized glutathione itself to a homogenate of guinea pig leukocytes or by addition of H202 to an organelle-free supernatant of these cells containing reduced glutathione. In this species, in contrast to the human, regeneration of NADP from NADPH may thus occur by at least two pathways, viz. the glutathione "cycle," and NADPH-linked lactate dehydrogenase.
In cells from children with chronic granulomatous disease (CGD), a deficiency of NADH oxidase (and consequently peroxide production) has been reported (11, 23) . The HMP in such cells is also abnormally low during phagocytosis. In accordance with the ideas expressed above are the findings of Baehner, Karnovsky, and Nathan (36) who have stimulated the HMP of CGD leukocytes by allowing them to phagocytize latex particles coated with glucose oxidase, an H202 generating system. Under such conditions, the HMP was elevated in these cells.
The data that we have presented indicate that an NADH oxidase is probably responsible for the respiratory burst during phagocytosis. Further, the product of this pathway, H202 appears to be important in stimulation of the HMP via the mediation of glutathione as reported by Reed (27) .
The quantitative assessment of the multiple fates of H202, i.e. the reaction with glutathione, catalase catalyzed reactions, or the very important myeloperoxidaselinked reactions that have bactericidal implications (31) (32) (33) , remains to be decided, as well as the potential role of such mediators of oxidation-reduction reactions as ascorbate.
